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Introduction
The explosives 2,4,6-trinitrotoluene (TNT), 1,3,5-trinitro-1,3,5-hexahydrotriazine (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) have been widely used in manufacturing and in loading, assembling, and packaging of munitions for many decades. Disposal processes from these operations have contaminated soil and groundwater at many active and inactive munitions sites.
The effects of redox potential (Eh) and pH on the sorption and transformation of explosives in surface soils have been documented (Price, Brannon, and Hayes 1997; Price, Brannon, and Yost 1998) . Surface soils, which are typically composed of 1 to 3 percent organic carbon, rapidly adsorb and transform TNT under a wide range of Eh and pH conditions (Price, Brannon, and Hayes 1997) . Specific adsorption to clay minerals can also be a significant sorption process in which the magnitude of sorption is affected by the specific cation sorbed (Haderlein, Weissmahr, and Schwarzenbach 1996; Weissmahr et al. 1999) . Results of adsorption tests in low-carbon aquifer soils indicate that sorption and transformation of explosives are significantly lower than in surface soils (Pennington and Patrick 1990; Pennington et al. 1999) . Although nitroaromatics can be naturally attenuated in aquifer soils, the active processes involved in the transformation of explosives in these soils are not well understood. Therefore, the effects of physicochemical conditions and groundwater quality on the sorption and transformation of explosives were explored in order to understand these mechanisms.
The objective of these investigations was to determine the effects of Eh and pH on explosives transformation and sorption in aquifer soils under controlled conditions. Changes in specific adsorption of explosives resulting from different groundwater quality were also evaluated to provide process descriptors for modeling these mechanisms.
Materials and Methods

Soil Preparation
Three different aquifer soils obtained from Louisiana Army Ammunition Plant (LAAP), Minden, LA, and two clays (Table 1) were tested for the effects of homoionic substitution on the adsorption of TNT. The LAAP soils composed three of the four main soil types identified in the LAAP aquifer (Pennington et al. 1999) . The clays were obtained from Aldrich Chemical Company, Inc., Milwaukee, WI. The effects of redox potential and pH on the transformation of TNT were investigated using one of the aquifer soils (LAAP-D). The aquifer soils were obtained by excavating approximately 3 cu m of each soil type 1.2 to 3 m (4 to 10 ft) below the ground surface. Each soil was transported separately to an offsite location, air dried, sieved through a 3-mm mesh sieve, and homogenized in a cement mixer. Soils containing higher percentages of clay were pulverized prior to sieving. The soils were then packed into new, plastic lined 0.2-cu-m (55-gal) drums and shipped to the Environmental Laboratory, Vicksburg, MS, U.S. Army Engineer Research and Development Center. Explosives analyses were performed using a modified (ultrasonic extraction) EPA SW-846 Method 8330 (Environmental Protection Agency (EPA) 1990). 
Selection of Energy Source for Eh/pH Incubations
To determine the ability of various energy sources (sodium acetate, sodium acetate + benzoic acid, sodium acetate + sodium salicylate, glucose, glucose + sodium acetate, fructose, fructose + sodium acetate, sucrose, and sucrose +sodium acetate) to induce and maintain highly reduced (-150 mV) conditions, LAAP-D aquifer soil was incubated with these energy sources at constant pH. Sufficient distilled-deionized water and soil were added to each 2800-ml Fernbach flask to produce a water-to-solids ratio of 18:1 (150 g oven dry weight (ODW) soil in 2600 ml water). Slurries were kept in suspension by magnetic stirring and were maintained at room temperature. At the start of each incubation and periodically thereafter, flasks were supplemented with 1 g of each energy source. A continuous stream of nitrogen was flushed through each system to promote anaerobic conditions, and Eh and pH were monitored continuously over a 3-week period. A pH of 7 was maintained by injection of 1.0 N HCl or 1.0 N NaOH.
Highly reduced conditions were not reached in the systems containing sodium acetate, sodium acetate + benzoic acid, sodium acetate + sodium salicylate, and fructose. Tests containing glucose or sucrose alone and those containing glucose and sucrose + sodium acetate did reach highly reduced conditions, -350 mV and lower. Glucose was selected as the energy source to use because flasks containing glucose alone reached anaerobic conditions in the first week of incubation and maintained these conditions for the entire incubation period.
Eh/pH Incubations
Test systems were reestablished as described in the previous section, with glucose added as the energy source at a rate of 1 g every 4 days to maintain microbial removal of oxygen and other electron acceptors from the systems. The Eh and pH of the slurries were maintained using the methods developed by Patrick, Williams, and Moraghan (1973) with some modifications (Brannon 1983) . The Eh was monitored by platinum and Ag-AgCl electrodes connected to a pH-millivolt meter (Beckman Instruments, Fullerton, CA). The desired Eh was set on a meter relay (Currier and Roser, New Orleans, LA), which by activating an aquarium pump to introduce air into the system when the set point was reached, prevented the Eh from falling below the preset value ( Figure 1 ). To help maintain anaerobic conditions, nitrogen gas was flushed through the system at a rate of approximately 15 ml/min. System pH was monitored using a combination pH electrode connected to a separate pH-millivolt meter. The soil suspensions were allowed to incubate and stabilize to the desired Eh and pH values for approximately 3 weeks prior to addition of TNT. The study consisted of duplicate tests conducted at 3 Eh levels, +450 mV (oxidized), +150 mV (moderately reduced), and -150 mV (highly reduced), and a range of 3 pH values, 6.0, 7.0, and 8.0.
Following stabilization, 1 ml of methanol containing 15 mg of TNT (equivalent to 5.8 mg/L in the reactors) was added. All flasks were covered with aluminum foil prior to spiking to prevent photodecomposition of the TNT. The slurries were sampled at 30 min, 4 hr, 24 hr, and 11 days for aqueous contaminant concentrations including TNT, 1,3,5-trinitrobenzene (TNB), 1,3-dinitrobenzene (DNB), 4-amino-2,6-dinitrotoluene (4A-DNT), 2-amino-4,6-dinitrotoluene (2A-DNT), 2,6-dinitrotoluene (2,6-DNT), 2,4-dinitrotoluene (2,4-DNT) 2,6-diamino-4-nitrotoluene (2,6-DANT), 2,4-diamino-6-nitrotoluene (2,4-DANT), 4,4,6,-tetranitro-2,2-azoxytoluene (2,2-AZOX), and 2,2'6,6-tetranitro-4,4-azoxytoluene (4,4-AZOX). Analyses were performed according to EPA SW-846 Method 8330 (EPA 1982) . Following 11 days of incubation, soils were analyzed for the same parameters as the waters (EPA 1990 ).
Duplicate Eh/pH incubations were also conducted at +450 mV and +150 mV at pH 7 to examine the behavior of TNT in the absence of glucose. Incubations were not conducted at -150 mV because this potential could not be attained in the absence of an added energy source. Experimental conditions and procedures were identical to those described previously.
Mass Balance of [ 14 C] TNT
Mass balance of radiolabeled carbon was determined using uniformly ringlabeled TNT ([ 14 C]TNT) (New England Nuclear Research Products, Boston, MA) having a specific activity of 21.58 mCi/mmol and a chemical purity >98 percent as determined by high-performance liquid chromatography (HPLC). Tests were conducted in triplicate at +450 and -150 mV at pH 7 using the same experimental design as described previously. Flasks were spiked with 1 part radiolabeled and 99 parts unlabeled TNT to give an overall concentration of 10 ug TNT/g of soil.
A bubble trap containing 1 N KOH was attached to each flask to trap evolved CO 2 and was sampled daily over the 14-day incubation period. The aqueous phase of the incubation flasks was sampled periodically over the 14-day incubation period. Soils were sampled on day 14. Radioactivity in the aqueous phase and in the CO 2 traps was determined by counting 1 ml of water or KOH in 15 ml Ultima Gold Liquid Scintillation Cocktail (Packard Instruments, Meridan, CT) on a Packard Tricarb 2500 TR Liquid Scintillation (LS) Counter (Packard Instruments, Meridan, CT). The soil was combusted in a Model 307 Packard Sample Oxidizer (Packard Instruments, Meridan, CT) and the radiolabeled CO 2 generated was trapped in Carbo-Sorb and counted in Permafluor Liquid Scintillation Cocktail (Packard Instruments, Meridan, CT) by LS.
Cation Adsorption
The three aquifer soils and two clays previously described were tested for the effects of homoionic substitution on adsorption of TNT. Haderlein, Weissmahr, and Schwarzenbach (1996) reported no tendency toward specific adsorption of RDX and HMX to clay minerals; therefore, sorption tests with RDX and HMX were limited to LAAP-D soil.
The aquifer soils and clays were rendered homoionic using the cation saturation method of Jackson (1958) . Soils and clays were saturated with either calcium (Ca ++ ), ammonium (NH 4 + ), or potassium (K + ) ions from 1M solutions of calcium acetate, ammonium acetate, or potassium acetate. Saturation was accomplished by shaking a mixture (6:1 solution to soil) for 30 min followed by centrifugation and addition of fresh ionic solution for a total of three cycles. Upon completion of saturation, the soils and clays were rinsed three times with isopropyl alcohol, using procedures similar to those used for saturation, to remove excess cations and acetate.
Adsorption tests were conducted in triplicate in 25-ml centrifuge tubes containing 4 g ODW of each of the three aquifer soils and two clays. Tests with TNT were conducted with both the homoionic materials and the unmodified soils and clay minerals. Testing with RDX and HMX was conducted only with LAAP-D. Tests were spiked with 16 ml of distilled deionized water (DDI) containing either TNT or RDX at concentrations of 10, 7.5, 5, 2.5, and 1 mg/L. HMX solution spike concentrations were 2.7, 1.98, 1.33, 0.65, and 0.26 mg/L. Solutions of TNT, RDX, and HMX were 1 part radiolabeled to 99 parts unlabeled compound. Radiolabeled compounds were TNT [(ring-14 C) TNT] with a specific activity of 21.58 MCi/mmol and chemical purity of >98 percent; RDX [(ring-14 C) RDX] with a specific activity of 4.3 MCi/mmol and a chemical purity of >98.4 percent; and HMX [(ring-14 C) HMX] with a specific activity of 8.2 MCi/mmol and a radiochemical purity >97 percent. All isotopes were obtained from New England Nuclear Research Products, Boston, MA. Tests were equilibrated and the solution phase assayed by LS as described previously.
Stability tests were conducted with unlabeled TNT and RDX to ensure that these compounds remained stable during the course of the adsorption experiments. HMX is known to be stable over a wide range of environmental conditions (Price, Brannon, and Yost 1998) . Stability tests were conducted with 25-ml centrifuge tubes containing 4 g ODW of each of the three aquifer soils and the two clays. Tests with TNT were conducted with both the homoionic soils and clays, and with the soils and clays without modification. RDX stability was examined with the LAAP-D soil only. Tests were spiked with 16 ml of DDI containing either TNT or RDX at a concentration of 10 mg/L. Following addition of the test solution, the centrifuge tubes were sealed, shaken for 24 hr on a horizontal shaker at 180 excursions per minute, then centrifuged for 15 min at 7,400 relative centrifugal force (RCF), and sampled by removing 1 ml. Analyses were performed by HPLC for TNT, RDX, and their transformation products according to EPA (EPA 1990 ).
Results and Discussion
Eh/pH Incubations
The effects of Eh and pH on TNT stability TNT was unstable under all Eh or pH conditions tested when glucose was present and was not found in either the aqueous or solid phases at the end of the 11-day incubation period. Unidentified peaks were observed in solution, but attempts to identify these unknown compounds using mass spectroscopy were unsuccessful due to detection limit constraints. These results differ from those seen in similar experiments conducted with a surface soil in which TNT was still present in the soil under moderately reducing to oxidizing conditions (0, +250, and +500 mV) (Price, Brannon, and Hayes 1997) . Under highly reduced conditions (-150 mV), virtually all of the TNT (<0.03 mg/L remained) had disappeared from solution within the first 4 hr of incubation (Figure 2a) . Under moderately reduced conditions (+150 mV) TNT remained in solution at each pH up to and through 24 hours of incubation (Figure 2b ). Under oxidized conditions (+450 mV), TNT was present in solution at each pH through 24 hr of incubation, but had disappeared by 11 days (Figure 2c ). These results indicate that the addition of water-soluble glucose promoted rapid transformation of TNT.
Processes that remove explosives contaminants from solution can be approximated with first-order kinetics of the form where c 0 is the concentration of the reacting substance at time 0. Once a value of k is obtained, the half-life period of the reacting substance, t 1/2 can be calculated using the equation
Results showed that disappearance of TNT in the reactors under controlled Eh and pH conditions could be adequately described using first-order kinetics ( Table 2 ). The addition of glucose resulted in order of magnitude increases in the rates of TNT disappearance (Figure 3) . Approximately 15 percent of the TNT remained in solution at +150 mV and +450 mV in the treatments without glucose after 11 days of incubation. These results suggest that the addition of glucose may have stimulated microbial communities capable of transforming TNT, resulting in more rapid loss and/or transformation of TNT than would occur without an added energy source. 
Effects of Eh on the nature and rate of formation of TNT transformation products
TNT transformation product formation was rapid and related to the Eh of the soil system, with lower Eh resulting in greater product concentrations. Following 30 min of incubation, the transformation products 4A-DNT, 2A-DNT, and 4,4-AZOX were present in solution at all redox conditions (Figures 4a, b, and c) . A higher number of products at greater concentrations were found under highly reducing (-150 mV) and moderately reducing (+150 mV) conditions (Figures 4a  and b) . those reported by Kaplan and Kaplan (1982) where the rapid formation of monoamino compounds, in particular 4A-DNT, is followed by the formation of 4,4-AZOX. The absence of azoxytoluene compounds other than 4,4-AZOX suggests that either formation of the reduction product 4A-DNT was favored since it is the precursor for 4,4-AZOX , or that the 4,4-AZOX compound is more stable than the other azoxytoluenes. Disappearance of transformation products from solution was most rapid under highly reduced conditions. After 24 hr, 4A-DNT was the only product present in solution at an Eh of -150 mV (Figure 5a ). Under moderately reducing and oxidizing conditions, the 4A-DNT increased after 24 hr of incubation, but the 4,4-AZOX compound was found only in the +150 mV test (Figures 5b and c) .
Highly reduced (-150 mV) conditions in investigations conducted with a surface soil (Figure 6a) (Price, Brannon, and Hayes 1997) resulted in the production of a greater number of transformation products, specifically the diamino compounds, than was seen in experiments conducted with the aquifer soil ( Figure 6b ). The transformation products 4A-DNT, 2A-DNT, 2,6-DANT, and 2,4-DANT were found in solution 24 hr after the addition of TNT in the surface soil (Figure 6a) . In contrast the aquifer soil systems, under reduced conditions, yielded only 4A-DNT and 2,4-DANT through the same sampling period (Figure 6b ). The longer persistence of transformation products in the surface soil compared with that of the glucose-amended aquifer soil is probably an artifact of increased microbial activity due to the addition of a readily utilizable substrate (glucose) as compared with the less bioavailable complex organic carbon compounds present in the surface soil. These findings are supported by the results showing that TNT and its transformation products persisted longer in aquifer soil that was not amended with glucose (Figure 3 ).
Another notable difference between investigations conducted with an aquifer or a surface soil was the presence of 2,6-DANT in solution in the surface soil reactors. This compound was not seen in the solution or soil in investigations conducted with the aquifer soil. The absence of 2,6-DANT and presence of 2,4-DANT in conjunction with 4,4-AZOX in the aquifer soil indicate preferential formation of 4A-DNT in the highly reduced aquifer soil. Under aerobic conditions, transformation products were similar in the aquifer and surface soils with only 2A-DNT and 4A-DNT present in solution 24 hr after TNT addition (Figures 6c and d) .
Soil analysis revealed greater numbers and higher concentrations of transformation products in both the solution and soil phases under moderately reducing and oxidizing conditions (Table 3) . The azoxy compound, 4,4-AZOX, which disappeared from solution, remained in the soils under most Eh conditions. The highest recoveries of TNT transformation products were at +150 and +450 mV. TNT was not found in either the soil or solution at the end of the incubation.
Effects of pH on TNT reduction
Under highly reduced conditions (-150 mV), pH apparently affected the initial concentration of 4,4-AZOX in solution. Samples from reactors maintained at pH 6 and 7 yielded initial 4,4-AZOX concentrations of 0.78 and 0.60 mg/L, respectively (Figures 7a and b) . This is unusual since the formation of azoxy compounds is reported to be favored at a pH >7 (Funk et al. 1993) . The diamino compounds appeared in solution almost immediately and were detected at the 30-min sampling period under all pH levels with concentrations lowest at pH 7 (Figure 7b ). At pH 6 and 8, concentrations of 4A-DNT were greater than those of 2A-DNT and persisted for a longer period (Figures 7a and c) . In this study, the 2A-DNT and 4A-DNT had virtually disappeared after 24 hr of incubation, whereas in the surface soil investigations these compounds were still in solution after 4 and 9 days of incubation (Price, Brannon, and Hayes 1997) . The sequential reduction of 4A-DNT to 2,4-DANT was observed at pH 8 in the aquifer soil (Figure 7c ), paralleling results observed with surface soil under a wide range of pH conditions (Price, Brannon, and Hayes 1997) .
Under moderately reduced conditions (+150 mV) pH appeared to affect the appearance of TNT transformation products in solution. At pH 6 only monoamino compounds were detected (Figure 8a ). At pH 7 and 8, 4,4-AZOX was detected in solution through 24 hr at which time 2,4-DANT appeared in solution and reached a high concentration of 0.78 mg/L under pH 8.0 conditions (Figures 8b and c) .
Under oxidized conditions (+450 mV) TNT remained in solution through 11 days. Greater numbers and higher concentrations of transformation products appeared in solution in reactors maintained at pH 6 and 7 (Figures 9a and b) . At pH 8 4A-DNT and 2,4-DANT were the only two products detected in solution (Figure 9c ).
Mass balance for Eh/pH incubations
Significant differences were observed in partitioning of the radioactivity between the soil and water in aquifer and surface soils. Most of the radioactivity remained in the aqueous phase of the aquifer soil tests under both highly reducing and oxidizing conditions. However, the majority of radiolabelled carbon in the surface soil test was found in the soil rather than in solution under both oxidized and reduced conditions (Table 4) . These results indicate that the fate of TNT and its transformation products is quite different in aquifer and surface soils. 
Cation Adsorption
Homoionic saturation of aquifer soils and clays had a marked effect on TNT adsorption coefficients ( Figure 9 . TNT and its transformation products in solution at each pH over time at +450 mV These results demonstrate that the processes observed for pure clay minerals (Haderlein, Weissmahr, and Schwarzenbach 1996) are also operative in aquifer soils. The linear adsorption model adequately fit the data as shown by the high regression coefficients in Table 5 . This is not unexpected since linear adsorption isotherms successfully describe the adsorption of explosives compounds on mineral surfaces and soils under conditions of low surface coverage (Haderlein, Weissmahr, and Schwarzenbach 1996; Pennington et al. 1999; Myers et al. 1998 (Table 5) . RDX adsorption on LAAP-D soils showed the same general trends as TNT (Figure 11) Figure 10 . TNT sorption coefficients in homoionic montmorillonite treatments increasing sorption. For TNT, sorption is increased in the presence of more weakly hydrated cations such as NH 4 + and K + . These aquifer soil results differ from those observed by Haderlein, Weissmahr, and Schwarzenbach (1996) for RDX adsorption by clay minerals where no apparent effects of cation substitution were noted.
Specific adsorption of TNT in homoionic K + and NH 4 + aquifer soils and clay minerals was highly correlated with cation exchange capacity (CEC), showing values of the linear regression coefficient r 2 = 0.976 and 0.993, respectively ( Figure 12 ). The strong relationship between TNT adsorption and CEC is not surprising in view of the relationship between CEC and TNT adsorption observed for a wide range of surface and aquifer soils . Adsorption of nitroaromatic compounds such as TNT occurs primarily at the external surfaces of clay minerals (Haderlein, Weissmahr, and Schwarzenbach 1996) 
Conclusions
Glucose proved to be an energy source that could effectively drive the aquifer soil:water slurry to highly reducing (-150 mV) conditions and maintain a low redox potential. TNT added to low-carbon aquifer soils amended with glucose was not stable under any Eh or pH conditions. Highly reducing conditions promoted rapid removal of TNT and its transformation products from solution compared with moderately reducing and oxidizing conditions. TNT persistence was greatest in unamended systems at moderately reducing and oxidizing conditions. The TNT transformation pathway in the aquifer soil favored production of 4A-DNT and 2,4-DANT compared with surface soil where pronounced production of 2A-DNT and 2,6-DANT in addition to 4A-DNT and 2,4-DANT was observed. As redox potential decreases, TNT disappearance from solution increases. In addition, anaerobic conditions promote the rapid disappearance of certain TNT transformation products and the appearance of others (in particular the diamino products) indicating the progression of the reduction process of TNT from a single nitro group to two nitro groups. This reduction appears to be regulated by higher pH conditions. An increased redox potential yielded lower initial concentrations of transformation products, and at an Eh of +450 mV, pH 8, transformation product formation was inhibited.
Radioactivity recovered in [
14 C] TNT mass balance tests was found primarily in the aqueous phase following incubation under both oxidized and reduced conditions. This distribution was in marked contrast to that observed in a surface soil where the great majority of the radioactivity was associated with soil organic matter. This change in distribution is likely a function of the lack of organic carbon available for covalent bonding with TNT transformation products. A comparison of the radioactivity equivalent of C 14 in solution to the limited recovery of unlabeled TNT and its transformation products strongly suggests the existence of unidentified transformation products.
These results indicate that TNT in an aquifer soil with an added energy source will not persist as the parent compound. Transformation products will also disappear rapidly with higher concentrations of products remaining in solution under more oxidized conditions. Homoionic saturation of aquifer soils significantly affected TNT adsorption. Saturation of these soils with weakly hydrated cations (K + and NH 4 + ) resulted in increased TNT and RDX sorption to the aquifer soils. Saturation with the stronger hydrated cation (Ca ++ ) resulted in K d lower than those in untreated material indicating that higher TNT and RDX solution concentrations would occur in the environment. HMX showed a significantly different trend with sorption increasing when the soil was treated with a strongly hydrated cation.
